Abstract
and Owende, 2015) . Although the sources are often available, the amount of power harvested is in the 40 micro-watt range, which is insufficient to operate RF wireless transceiver modules in wearable devices 41 (Nguyen et al., 2015) . On the other hand, active energy sources involve wireless power transmission 42 (WPT) coils to supply power to wearable devices. WPT can be conveniently optimized to satisfy power 43 supply requirements. Moreover, WPT facilitates long term cow monitoring, as it allows an easy 44 optimization of power supply, eliminates frequent battery replacement and reduces the weight and 45 size of the wearable sensor (Minnaert et al., 2017) . 46 However, the integration of WPT components would generate electromagnetic fields (EMF) in the 47 6.5 cm x 5.2 cm x 0.6 cm ferrite core. Both coils had 5 turns made of 1.5 mm² Cu wire. The optimal 79 dimensions of the coils were experimentally determined for a maximum power transfer. In this study, the 3-D electromagnetic solver Sim4Life (Maiques, 2014) was used. For frequencies 86 above 1 MHz, simulations were performed with the finite difference time domain (FDTD) method; for 87 frequencies below 1 MHz, the quasi-static (QS) approximation using the finite element method (FEM) 88 was employed to reduce the computational complexity and the simulation time (Laakso et al., 2015; 89 Samoudi et al., 2016) . The applicability of the QS approximation has been proven for human exposure 90 to WPT systems for frequencies up to 10 MHz by Laakso et al. (2015) . 91
Instead of using a one-step method based on a full-wave analysis for the original problem all at once, 92 a two-step process was used as explained in Park and Kim (2016) . Using this method, the number of 93 time steps can be considerably decreased due to rapid convergence within a time shorter than one full 94 period, whereas the conventional method has to simulate several periods to reach the steady state. 95
The first step is to obtain the EMFs generated from the WPT system in the absence of the cow's body. 96
In the second step, the induced EMFs in the cow's body is calculated with a QS-FEM method by 97 regarding the EMFs obtained in the previous step as the incident field to the cow's body. 98 3.2 Electromagnetic modeling of the WPT system and cow's body 99 3.2.1 Modeling of the WPT system 100 Fig. 2 shows the transmitter and the receiver coils of the WPT system as modelled in Sim4Life. Both 101 coils were modelled with five turns of a prefect conductive 1.5 mm 2 wire. The transmitter coil was 102 installed on a rectangular ferrite ( Fig. 2-a) , while the receiver coil has a core ferrite with the samedimensions as the experimental coil. The relative permeability of the ferrite (i.e., 3F4) is 900 at 92 kHz 104 To validate the numerical model of the WPT system, we compared simulated free-space magnetic 117 fields emitted by the WPT system with the measured fields. The peak value of the magnetic field was 118 measured with the EHP-50 electric and magnetic field probe (Narda safety test solutions, Milan, Italy). 119
The isotropy error of this probe for the magnetic field is ±0.8 dB at 1 MHz and its frequency response 120 is ±0.8 dB over a frequency range from 9 kHz to 30 MHz. Field sensors (radius 46 mm) and electronic 121 measuring circuitry were fitted into a housing of 92 x 92 x 109 mm 3 in size. The probe was mounted on 122 a plastic mast at 1 m above the ground as shown in Fig. 3 -a. We, first, measured without the receiver 123 coil as shown in Fig. 3-b . The transmitter was kept in a fixed position. Then, the field analyzer was 124 positioned at different distances from the TX coil (i.e., 2, 5, 10, 15, 20 cm). The center point of the 125 probe was aligned with the horizontal axis of the coil. Next, we measured with both transmitter and 126 receiver. In this case, the H-field was measured 5 cm from the RX coil for different TX-RX separations 127 (i.e., 10, 15, 20 cm) as shown in Fig. 3-c . The E-field was not considered in the validation since the 128 dominant coupling with the body is due to the magnetic field (Kuster and Balzano, 1992).
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The transmitter was powered by a DC supply with a DC voltage of 12.00 V and a DC current of 305 mA, 130 corresponding with an active input power of 3.66 W. This input power was converted with an efficiency 131 of 27.3 % to a transmitting power of 1.0 W at the transmitter coil. The peak voltage and current in the 132 transmitter coil were 42.0 V and 6.32 A, respectively. The AC power received at the receiver coil is 133 given in the Table 2 , as well as the coupling factors for the different distances. Peak voltage and current 134 in the receiver coil at 10 cm distance were 7.5 V and 2.9 A, respectively. For the simulations, a current 135 of 7.5 A (peak value) was applied to the TX coil. The received current at the RX coil as well as the 136 coupling factor could not be calculated by the simulator. 137
Exposure scenarios 138
To mimic realistic exposure scenarios, the WPT system was located at different distances below the 139 cow's neck. Experiments in Minnaert et al., (2017) showed that the distance between the receiver coil 140 and the cow's neck could vary from 2 cm up to 5 cm, whereas the distance between the transmitter 141 coil and the cow's neck could vary from 10 cm up to 20 cm. Therefore, the RX and TX in the simulations 142 were set at d1 (2.5 and 5 cm) and d2 (10, 15, and 20 cm), respectively, from the cow's body (Fig. 4) . 143
The values of d1 and d2 for each scenario are listed in Table 3 . 144 3.5 ICNIRP and IEEE fields evaluation and limits 145
As guidelines for animal exposure to EMF lack, guidelines for human exposure were used in this study. 146
The guidelines protect against stimulation effects for frequencies up to 10 MHz and protect against 147 thermal effects for frequencies between 100 kHz and 10 GHz. Protection against stimulation effects is 148 in terms of the 99th percentile of the internal electric field; protection against thermal effects is in 149 terms of the specific absorption rate (SAR). Since the operating frequency of the WPT system is around 150 100 kHz, both the internal electric field and the SAR were considered in this study. The compliance of 151 the WPT system with international EMF exposure guidelines was investigated using the parameters 152 from these standards. ICNIRP 2010 (ICNIRP, 2010) calculates the induced electric field as a vector 153 average within a contiguous tissue cubic volume of 2×2×2 mm 3 . It suggests using the 99th percentile 154 value of the calculated internal electric field for the compliance with the guidelines. However, in the 155 IEEE standard (IEEE, 2006), the internal electric field is specified as an arithmetic average of electric 156 fields projected onto a straight line segment of 5 mm length oriented in any direction within the tissue. 157
We note that for IEEE standard, the exposure limits for uncontrolled environments were considered. 158
Results

159
4.1 WPT system validation 160 Fig. 5 shows the measured and the simulated H-fields for the TX coil alone case (Fig.3 -b) . For all cases 161 (middle, right, and left sides), agreement between the measurements and simulations was achieved, 162 especially for distances greater than 5 cm from the TX coil. At 2 cm, the probe is close to the wires of 163 the coils, which could influence the field generated by the coil. Table 4 lists the measured and 164 simulated H-field for the full WPT system (Fig. 3-c) . Also in this case, the results show good agreement 165 between the measurements and simulations with differences less than 2 A/m. 166
The maximum, the minimum, and the average of the relative and absolute errors between the 167 measured and simulated H-field samples are listed in Table 5 . The relative error varies between 2.25 % 168 induced electric fields were calculated using the maximum value and the 99 th percentile value. ICNIRP 182 2010 recommends a maximum value of 13.5 V/m for internal E-field at 92 kHz, while the IEEE guidelines 183 recommend a maximum of 20.9 V/m for internal E-field. Table 6 lists the calculated electric field in the 184 cow model for the considered scenarios. The highest induced electric field (Table 6) induced electric field values were lower than the limits for all the investigated scenarios. This could be 211 explained by the low input power used for the simulations. To deploy the WPT system in barns, the 212 values of the induced electric field computed in this paper could be used to derive the maximum 213 allowable input power that has to be respected to stay under the exposure limit. For the SAR, the 214 obtained values were lower than 1% of the limit (0.08 for SARwb, 1.6 W/kg for SAR1g and 2 W/kg for 215 SAR10g). This means that the thermal effect of the WPT system is very limited at that frequency (92 kHz). 216 This is because the operating frequency is slightly below 100 kHz. Therefore, the maximum allowable 217 transmit power at which the SAR limit is reached is in the order of several kW, which is in our case, far 218 above the range of input power used in wireless power transfer system in a dairy barn (in W). Above 219 100 kHz, ICNIRP specifies its basic restriction to prevent whole-body heat stress and excessive localized 220 tissue heating in terms of SAR. Therefore, the induced electric field restriction is the most stringent 221 exposure limit for the evaluation of the WPT coils. The same conclusions were drawn in (Park, 2017) the frequency range of 100 kHz to 300 GHz. Below 100 kHz, the aversive or painful electrostimulation 227 is the effect being minimized. At low frequencies, exposures are assessed in terms of instantaneous 228 fields or currents (internal electric field used in our study). Above 100 kHz, there can be a sensation ofrepresents a "thermal crossover" below which electrostimulation effects dominate, and above which 232 thermal effects dominate for continuous wave exposure (IEEE, 2006) . This justifies why the SAR values, 233 mainly used to minimize adverse heating effects, are negligible compared to the limits for the 234 considered system (lower than 1% of the limit). SAR values will be much higher (compared to limits) in 235 the MHz range, and the opposite will happen for the internal electric field. 236
The homogeneous body of the cow phantom was one limitation of the present study. A heterogeneous 237 model -including other tissues than muscle only-will give more realistic values for the exposure 238 metrics. Also, this study considers only the case when the centres of the transmitter and receiver coil 239 are perfectly aligned (i.e., optimal power transfer). When the coils are misaligned, either laterally or 240 angularly, the magnetic flux through the receiver coil will decrease, leading to a lower power transfer 241 (Fotopoulou and Flynn, 2011). However, this may increase the SAR values as reported in (Park, 2017 ) 242
The analysis performed in that work showed that the worst-case exposure scenario (higher values of 243 the SAR) generally occurred in the misalignment case. Therefore, further research is required in this 244 direction. 245
Conclusions and future work
246
In this paper, we investigated cow exposure to EMF of a WPT system operating at 92 kHz. After the 247 experimental validation of the WPT source, the induce fields in the cow's body were numerically 248 computed using 3-D electromagnetic software (Sim4Life). Cow exposure dependents mainly on the 249 separation between the transmitter and cow's body; the distance between the receiver and the cow's 250 body has less influence (10%) on the exposure metrics. We also observed that, unlike the stimulation 251 effect, the thermal effect, evaluated by the specific absorption rate, of the WPT system on the cow's 252 body is very limited. Therefore, the induced electric field will mainly define the final acceptable input 253 power level. In future works, the effect of the cow's body posture, the inner anatomy (i.e., 254 heterogeneous phantom), and off-centering effect of the coils should be taken in consideration. Also, 255 the WPT systems operating in the MHz range should be investigated, since the stimulation effect does 256 not occur in this range. Finally, the influence of the exposure to the cows' behavior (i.e., feeding) and 257 production (i.e., milk) should be investigated. This is a mandatory step before integrating the system 258 in the dairy farm. 259 Table 6 . Emax and E99% of the simulated E-field distribution for an input current (peak) of 7.5 A 385 (input power of 1 W) for the six scenarios explained in Table 3 Table 7 . SAR statistics in (µW/kg) for an input current (peak) of 7.5 A (input power of 1 W) for the 388 six scenarios explained in Table 3 . 389
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